We present 3D kinematic observations of stars within the central 0.5 pc of the Milky Way nuclear star cluster using adaptive optics imaging and spectroscopy from the Keck telescopes. Recent observations have shown that the cluster has a shallower surface density profile than expected for a dynamically relaxed cusp, leading to important implications for its formation and evolution. However, the true three dimensional profile of the cluster is unknown due to the difficulty in de-projecting the stellar number counts. Here, we use spherical Jeans modeling of individual proper motions and radial velocities to constrain for the first time, the de-projected spatial density profile, cluster velocity anisotropy, black hole mass (M BH ), and distance to the Galactic center (R 0 ) simultaneously. We find that the inner stellar density profile of the late-type stars, ρ(r) ∝ r −γ to have a power law slope γ = 0.05
INTRODUCTION
Due to its proximity, the nuclear star cluster (NSC) at the center of the Milky Way (MW) is the only galactic nucleus for which we are currently capable of resolving individual stars and measure both their proper motion and line-of-sight velocities. This provides us with the unique opportunity to study the dynamical interactions of a star cluster with a supermassive black hole (BH) in unprecedented detail.
One of the predictions for a dynamically relaxed star cluster with a massive black hole is that there should be a steep increase in stellar density toward the black hole. Sometimes termed the Bahcall and Wolf (BW) cusp, these clusters are predicted to have a power law density profile ρ(r) ∝ r −γ , where r is the physical distance from the black hole, with γ = 7/4 to 3/2 depending on the relative masses of stars in the cluster (Bahcall & Wolf 1976 , 1977 . The red giants in the MW NSC, which constitute the majority of the observable stars in the cluster, are likely old enough (1-10 Gyr) to have formed such a cusp. However, star counts using adaptive optics (AO) spectroscopy and medium-band imaging have shown that the red giants have a very flat projected surface density profile close to Sgr A*, the central black hole (Buchholz et al. 2009; Do et al. 2009 Do et al. , 2013 . Due to the effect of projection, it is difficult with number counts alone to constrain the three-dimensional spatial density profile. The flat projected surface density profile even allows for decreasing stellar density toward the black hole, or a 'hole' in the stellar distribution. It is important to measure the spatial density profile of the MW NSC as it may lead us to understand better its formation and evolution (e.g. Merritt 2010; Antonini et al. 2012) . The density profile is also important for dynamical considerations, such as the growth of black holes, the effect of dynamical friction, and the predictions for gravitational waves due to the in-spiral of compact objects.
There has also been much interest over the years in using stellar dynamical measurements of the MW NSC to constrain the existence of a supermassive black hole at the Galactic center (GC) and measure its mass (M BH ). A number of approaches at measuring M BH were made using stellar radial velocities and proper motions (e.g. Genzel et al. 1996; Ghez et al. 1998; Genzel et al. 2000; Chakrabarty & Saha 2001) in combination with dynamical modeling. Using an assumed distance to the GC (usually 8 kpc), early measurements of M BH have been made using isotropic (Genzel et al. 1996) and anisotropic Jeans models (Genzel et al. 2000) , mass estimators (Ghez et al. 1998) , and non-parametric isotropic mass modeling (Chakrabarty & Saha 2001) . The measurements for M BH using these methods range from 1.8 to 3.6×10 6 M ⊙ . However, subsequent measurements using the orbit of S0-2, a star with a semi-major axis of 0.124 ′′ , have found a higher M BH of 4.1 ± 0.6 × 10 6 M ⊙ and R 0 = 8.0 ± 0.6 kpc (Ghez et al. 2008; Gillessen et al. 2009 ). Later estimates of M BH using Jeans modeling of proper motions ) and in combination with radial velocities (Trippe et al. 2008 ) has come into closer agreement with the stellar orbits. One source of the discrepancy between these cluster studies may lie in the assumption of the spatial profile of the stars; the earlier works assumed a BW-like cusp, while the later studies assumed a more shallow stellar density profile. However, no studies have so far measured the volume density profile of the MW NSC simultaneously with M BH and R 0 to verify consistency with the results from S0-2.
We present a spherical Jeans model of the inner 0.5 pc of the MW NSC which for the first time, measures the stellar density profile, velocity anisotropy, M BH , and R 0 simultaneously using individual three-dimensional velocity measurements. In Section 2 and 3 we present the observations and sample selection. We discuss the components of our dynamical model in Section 4, while in Section 5, we present significant constraints on the cluster parameters as well as M BH and R 0 . Section 6 discusses the implications of these measurements for cusp formation and dynamical calculations involving the cluster.
OBSERVATIONS
Observations of the central 0.5 pc were made using the integral-field spectrograph OSIRIS and the imager NIRC2 on the Keck 2 telescope between 2006 and 2010. These instruments are behind a laser-guide star adaptive optics system (LGS AO) system. The spectroscopic observations are made along the inclination angle of the young stellar disk, at a position angle of 105 deg ) extending out to 14 ′′ from the Galactic center. For more details about the spectroscopic fields and data reduction, see Do et al. (2013) , where the stellar identifications are reported. Observations and data reduction for the imaging observations are detailed in Yelda et al. (2013, submitted) .
SAMPLE SELECTION AND VELOCITY

MEASUREMENTS
In the current study, we only include stars which are identified as late-type in Table 2 from Do et al. (2013) , as we are interested in the properties of the older component of the NSC. It is important not to include the dynamics from the young stellar population in this region, because at least half of them are distributed in a distinct stellar disk, which would bias the results of spherical Jeans modeling. In contrast, the old component is likely to be spherically symmetric (Trippe et al. 2008; Schödel et al. 2010 ). In addition, this sample include only stars with all three components of velocity measured (thus limited by the coverage of the OSIRIS observations). The line-of-sight measurements where obtained by cross-correlation of the late-type stars with an M3II stellar template (HD40239) from the SPEX instrument on IRTF (Rayner et al. 2009 ). The radial velocities are then corrected for the solar motion with respect to the standard of rest 9 . Radial velocity errors are obtained by splitting the spectra for each star into three subsets and measuring the standard deviation of the radial velocities of the three subsets. We are able to measure radial velocities up to ∼ 3 kms −1 precision, where systematic uncertainties, such as the wavelength solution, then dominate. The proper motion measurements are made using the data set and reference frame defined by Yelda et al. (2013, submitted) . We further only include stars with velocity error less than 100 kms −1 in any velocity component. The median radial velocity error in our sample is 16 kms −1 . The median error in v x is 0.09 mas yr
and v y is 0.11 mas yr −1 (3.6 & 4.4 kms −1 at 8 kpc). The final sample of 265 stars and their velocities are listed in Table 1 .
JEANS MODELING
In order to relate the measured stellar positions and velocities to the cluster properties and the gravitational potential, we will use the spherically symmetric Jeans equation, allowing for velocity anisotropy:
where σ r is the dispersion in the radial direction in spherical coordinates. The velocity anisotropy, β is defined as in Binney & Tremaine (2008) :
where σ θ , σ φ , and σ r are the velocity dispersion in spherical coordinates. The radial dependence of the anisotropy, β(r) is parameterized as:
where β o is the inner anisotropy, β ∞ is the outer anisotropy, r β is the location of the transition, and η is the sharpness of the transition. The stellar spatial density profile, ρ ⋆ (r) is defined to be a broken power law (Lauer et al. 1995) :
where γ is the inner power law slope, α is the outer slope, r b is the break radius, and δ is the sharpness of the transition between the two slopes. The mass profile M (r) is defined to be a point source 10 with the mass of the black hole:
We also include the distance to the black hole, R 0 , as a free parameter. The mean velocity of the cluster with respect to the center of the reference frame (Yelda et al. 9 The velocity correction is performed using the rvcorrect task in IRAF. This correction uses a velocity of 20 kms −1 for the solar motion with respect to the local standard of rest in the direction α = 18 h , δ = +30 deg for epoch 1900 (Kerr & Lynden-Bell 1986) , corresponding to (u, v, w) = (10, 15.4, 7.8) kms −1 . 10 The stellar kinematics are dominated by the gravitational influence of the black hole in the observed region (r inf l = 2 pc). 
The total set of model parameters are:
Given this set of model parameters and the Jeans equation, we can compute the radial dispersion and project it on the sky to compare to our observed dispersion measurements and its covariances. In order to avoid having to bin the data either radially or by velocity and thus losing information, we choose to compute the likelihoods for each source having an observed (projected) velocity vector V = {V R , V T , V z } and a projected distance from Sgr A* of R, given the set of model parameters M . Following the methodology in Martinez et al. (2011) and Do et al. (2012) , the probability density function (PDF) for each individual star is defined as:
The combined likelihood of the whole sample is the product of the PDF for each star, i:
The likelihood is proportional to R 2 0 , the distance to the Galactic center through the conversion between angular velocity into physical units.
The covariance matrix (C) of the intrinsic moments of the velocity components (v = {v R , v T , v z } in cylindrical coordinates):
Where Σ(R) is the projected surface density profile. Equivalently this covariance matrix came be expressed as a function of the anisotropy β(r):
Some of the off-diagonal terms are zero because of our assumption of spherical symmetry. The error matrix to account for measurement error is (the errors are assumed to be normally distributed and uncorrelated):
The total projected covariance matrix is therefore:
If Cartesian coordinates are chosen, such that v = (v x , v y , v z ) then A in Equation 10 is:
We take a Bayesian approach along with the MultiNest sampling algorithm (Feroz et al. 2009 ) to compute the posterior PDFs with linear flat priors for all parameters (Table 2) .
RESULTS
We find the combination of kinematic data and Jeans modeling is able to significantly measure most of the cluster parameters, including γ, β o , M BH , and R 0 . For the case where M BH and R 0 are allowed to be free, we find the 68% central confidence interval for γ = 0.05 
8.92
+0.58 −0.55 kpc (Figure 1) . We find that there is a strong correlation between β o and γ, as well as between γ and M BH (Figure 1) . The fits are insensitive to the mean velocity offset in each direction (v x , v y , v z ), which are not correlated with any of the cluster parameters. As an example, we show the joint PDF of v z and R 0 in Fig. 1 .
In order to test the robustness of these results, we also re-analyze the data with variations of assumptions about the cluster parameters: (1) using the joint PDF of M BH and R o from the orbit of S0-2 (Ghez et al. 2008 , M BH = 4.1 ± 0.6 × 10 6 M ⊙ , R 0 = 8.0 ± 0.6 kpc), (2) allowing for extended mass (M (r) = M BH + M stars (r)), (3) allowing for cluster rotation. We find that the inner slope value is very robust to changes in model assumptions, varying only within the range of statistical uncertainties. Adding the priors on M BH and R 0 , shifts γ by less than 1 σ, with the uncertainties staying nearly the same. We find no significant constraints on the mass from stars in this region. The present data show no significant evidence for rotation, even when it is allowed in the fit. Within the radial range of the present dataset (0.5 pc), the velocity dispersion dominates over the large scale rotation that is seen at larger scales of 1 to 2 pc (Trippe et al. 2008; Schödel et al. 2009 ). We tabulate the resulting central confidence intervals for the cluster-only fit as well as for the addition of the constraints on M BH and R 0 from S0-2 in Table 2 .
We also examine the effect of including velocity anisotropy by doing an isotropic fit. We find that the inner slope becomes steeper with γ = 0.16
−0.30 , but is consistent within 1 σ. The inferred black hole mass and R 0 also decreases, along their statistical uncertainties (Table  2) . We note that inferred R 0 has a direct impact on the inferred anisotropy and vice versa.
It has been argued that the non-negativity of the distribution function imposes the constraint γ ≥ β 0 + 1/2 (An & Evans 2006) . This relation is violated in large parts of the β 0 − γ preferred region (Figure 1e ) and this issue deserves a separate investigation. Including this limit will likely result in slightly steeper γ and increased tangential anisotropy. A distribution function analysis similar to that of Wu & Tremaine (2006) will be useful to confirm the present results.
We are unable to place strong constraints on the size of the core profile using the current dataset, except that it must lie beyond 0.5 pc. This lower-limit is consistent with surface number density profiles from Schödel et al. (2007) show that the cluster core should lie between about 0.4 to 0.6 pc, where the profile turns over to the form of 1/R 0.8 . Similarly, constraints on the velocity anisotropy is best in the region that the data samples. The posterior distribution for the inner anisotropy (β 0 ) is well constrained while the outer anisotropy (β ∞ ) is prior dominated (Fig.  1 ).
The Jeans model shows definitively that the Galactic center has only a very shallow cusp of red giants, and that it is inconsistent with the predictions of dynamical relaxation of γ = 3/2 to 7/4 (Bahcall & Wolf 1977) . Number counts from the surface density profile had previously placed upper-limits on the slope of the spatial density profile of γ < 1.0 at 99.7% confidence, which allowed for a complete lack of late-type giants close to Sgr A* (or a 'hole' in the stellar distribution). The addition of 3D kinematics shows that there must be late-type stars near the black hole, though the stellar density may decrease toward the black hole.
DISCUSSION & CONCLUSION
The theoretical explanations for the unrelaxed stellar density profile at the Galactic center can be roughly classified as either as slow and secular, or from disruptive events. Secular explanations include: resonant relaxation of the cluster driving stars more efficiently than two-body relaxation into the black hole loss cone (Madigan et al. 2011) ; collisions between the red giants and other stars or stellar remnants (e.g. Dale et al. 2009 ); or tidal stripping of the red giants (Davies & King 2005; Murphy et al. 1991) . While these mechanisms may all occur and can produce core-like profiles, they are generally only effective at r < 0.1 pc and are not likely able to fully explain a core with r > 0.5 pc. Disruptive mechanisms such as the infall of a massive black hole (e.g. Baumgardt et al. 2006; Merritt 2010) or a globular cluster (Antonini et al. 2012) can produce very large cores depending on the mass of the infalling object. While these events are very infrequent, the long two-body dynamical relaxation time in this region would require about 1-10 Gyr to regenerate a BW cusp. To test the theory of an infalling black hole will require theoretical predictions for the motion of stars after the passage of the massive object. For example, tangential anisotropy observed may be indicative of the effect of core scouring by a massive black hole, though other mechanisms may also result in this effect. The radial profile of the velocity anisotropy could also potentially offer a constraint on its formation. Simulations of merging globular clusters from Antonini et al. (2012) show a linearly decreasing β outward from the cluster center at β = 0. Our dataset shows a generally flat velocity anisotropy profile within the region with data (Fig. 2) . Future kinematic data from outside the central 0.5 pc will be necessary to provide better constraints on these scenarios.
We also investigate the potential for combining the cluster measurements with that from stellar orbits to reduce statistical uncertainties in M BH and R 0 . Figure 3a shows the joint probability distribution for M BH and R 0 based on the cluster alone, while Figure 3b shows the addition of the PDF on M BH , R o , and v z from the orbit of S0-2 (Ghez et al. 2008) . Because the two methods of measuring M BH and R 0 have different degeneracies, their combination provides better constraints on both parameters. The joint fit has M BH = 4.62
6 M ⊙ and R 0 = 8.46
+0.42
−0.38 kpc. The uncertainty in R 0 has improved by about 30%, from 0.6 kpc using either S0-2 or the cluster alone. This points toward a method for significantly improving the measurement of R 0 , which is important for scaling other measurements of the MW, such as the Galaxy's total mass and shape (e.g Olling & Merrifield 2000) . However, there may be a number of systematic effects that would need to be quantified before this method can be employed. For example, errors in establishing the reference frame for astrometry can lead to shifts in the orbit determination (Yelda et al. 2010) . If the cluster is highly aspherical or triaxial, the cluster measurements can also be biased. These systematic er- The predicted projected surface density profile with the 1 σ shaded region and the observed (not completeness corrected) number density from Do et al. (2013) . Center: The predicted projected velocity dispersion as a function of projected distance from Sgr A* in the three velocity components and the 1 σ deviation from the most probable fit. Right: the central 68% confidence interval for velocity anisotropy as a function of physical radius from the black hole. The velocity anisotropy is flat to the edge of our data (green line); beyond this region, the constraints are prior dominated. rors can be quantified in the near future with more dynamical data and comparisons with N-body solutions. Kinematic measurements of the MW NSC were among the first methods used for measuring M BH and it now holds renewed promise for significantly improving measurements of both M BH and R 0 using existing data.
Given the richness of the dynamical data available for the Galactic center, more sophisticated approaches to dynamically model the cluster can be used in the future. While spherical Jeans modeling appears to be a suitable fit for the inner 0.5 pc of the Galaxy, on larger scales, axisymmetric or triaxial models will be more flexible in incorporating deviations from sphericity and rotation. The phase space distribution of the cluster can also be mapped directly, given that 5 out of 6 of the phase-space parameters have been measured for each star. These kinematic measurements will not only reveal more about the properties and origins of the MW NSC, but also drive the development of better dynamical models of star clusters.
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